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An example of a  20 sec torMark  I b  FFAG b e t a t r o n  i s  
desc r ibed ,  showing t h a t  f o r  a  c i rcumference f a c t o r  of 
f o u r ,  reasonable  6 v a l u e s  r e s u l t .  The p roduc t ion  of 
t h e  r e q u i r e d  magnetic f i e l d s  i s  d i s cus sed ,  p o i n t i n g  up 
t h e  problem of h i g h  c u r r e n t  d e n s i t i e s  i n  t h e  backwound 
poLe f a c e  copper. 
The r e s u l t s  of  MURA-LWJ-mT-2 a r e  used t o  ca l cu l a t e - ,  
p o s s i b l e  parameters  f o r  a n  FFAG b e t a t r o n  below. 
S t a r t i n g  with N =  20, = I  b , M = 5 and 
no s t r a i g h t  s e c t i o n s ,  t he  fo l lowing  parameters  were 
determined from the  exp res s ions  of I1 end III.dt. 
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For a  b e t a t r o n  o p e r a t i n g  wi th  a  maximum guide f i e l d  
of 10,000 gauss ,  t h r e e  s e t s  of numbers were found 
corresponding t o  100, 5'0, and 25 Mev maximum energy.  
The s u b s c r i p t  t r e f e r s  t o  i n j e c t i o n  va lues ,  o r e f e r s  









For a b e t a t r o n  a c c e l e r a t i n g  e l e c t r o n s  a t  t h e  
v e l o c i t y  of l i g h t  a t  c o n s t a n t  r a d i u s  R ,  t h e  flu:: c'lnnse 
through t h e  o r b i t ,  A 8 , r e q u i r e d  t o  g ive  an  e l e c t r o n  
on energy E i s  g iven  by 
3 
where R i s  mete rs ,  E i s  i n  Mev, and A 5 i s  i n  webers. 
The above 100 Mev and 25 Mev des igns  could  ope ra t e  w i t h  
a  25% du ty  c y c l e  if used with  t h e  c o r e s  of  t h e  ex3 s t i n g  
320 and 80 Mev I l l i n o i s  Betat rons .  S t r a i g h t  s e c t i o n s  
were in t roduced  of l e n t h ,  1, such t h a t  
s,+s,-a.. = 
s,+*a 
i n  t he  prev ious  designs .  
For t he  save v a l u e s  of R, t h e  a r c  l e n g t h s  5,  and sA 
were cons ide rab ly  shor tened.  
From the  exp res s ions  of s e c t i o n  I V  i n  MURA-LWJ-KMT-2 
the  fo l lowing  parameters  were found. 
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This  r a t h e r  l a r g e  s t r a i g h t  s e c t i o n  had t h e  e f f e c t  
of b r ing ing  t h e  cs c l o s e r  t o g e t h e r ,  a s  t h e  l a r g e r  
circumference f a c t o r  would i n d i c a t e .  Since the  a d d i t i o n  
of t he  s t r a i g h t  s e c t i o n s  would r e q u i r e  a  smal le r  r a d i u s  
of curva ture  f o r  t h e  same R, maximum f i e l d s  of 13,000 
gauss  would be r e q u i r e d  t o  r each  the  e n e r g i e s  i nd i ca t ed .  
Pole  - Contours and Rackwindings 
I n  t h e  two dimensional  approximation a  p o t e n t i a l  
f u n c t i o n  which g i v e s  a  f i e l d  of t h e  form 
i s  ( r e f e rence  1) 
& ) M c ~ ( M C ~ ! )  $ VCR,@) =.- 
For v e r t i c a l  d isplacement  from t h e  median p l an  
4 "  
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If t h e  f i e l d  f a l l - o f f  i s  t o  be accomplished e n t i r e l y  
wi th  i r o n  contour  w i t h  no c u r r e n t  hackwinding, t h e  gap 




The f i e l d  i n s i d e  t h e  l a r g e  cap r eg ions  would become v e r y  
d i s t o r t e d  a t  t h e  ends of s e c t o r s  i f  t h e  gap spacing i s  
comparable t o  t h e  spacing between s e c t o r s ,  and d i s t o r t e d  
wi th in  the  s e c t o r s  i f  t h e  spacing i s  comparable t o  t h e  
'. 
s e c t o r  l eng ths .  Although such "end e f f e c t s "  may n o t  
have a  s t rong  e f f e c t  on the  b s  , t h i s  must r ece ive  
more t h e o r e t i c a l  and exper imental  a t t e n t i o n  i f  and when 
a  des ign  i s  s e r i o u s l y  considered.  
Since H V V  and 4 & =I , backwound c u r r e n t s  
d i s t r i b u t e d  i n  a  t h i n  l a y e r  on a  po le  su r f ace  w i l l  
produce any d e s i r e d  p o t e n t i a l  f u n c t i o n \ /  i n  t h e  gap i f  
where i s  a long t h e  p o l e  su r f ace .  Cur ren t  hackwindings, 
i n  t h i n  l a y e r s  o r  n o t ,  c a n  be cons idered  t o  change t h e  
p o t e n t i a l  of t h e  i r o n  by an  amount 
where Ax i s  the  amount of c u r r e n t  c rossed .  To drop 
t h e  f i e l d  t o  ze ro ,  
i . e .  t he  e n t i r e  c u r r e n t  must be backwound. 
The backwinding can  b e  accomplished simply i n  two 
wags. One may use  d i s c r e t e  increments  of c u r r e n t  
s epa ra t ed  by exponen t i a l  po le  p i e c e s  ( a s  mentioned i n  
r e f e rence  I ) ,  o r  f l a t  ( ~ a r a l l e l )  i r o n  po le s  w i t h  
c u r r e n t  d i s t r i b u t i o n  g iven  by 
1-r I ~ = V ~ ~ H ~ ~ ~  Po' (MC+l);i L C -  a 3 
M e  (&Ivc V = H . £  =I"- 
The f i e l d  may be c o n t r o l l e d  by i r o n  po le  contour  from 
t h e  r eg ion  of h i g h e s t  f i e l d  ( a t  R o )  t o  a r a d i u s  R ,  
where t he  f . i e l d  h a s  f a l l e n  a  f a c t o r  of 3 t o  10,  and t h e n  
the  po le  s u r f a c e s  remain p a r a l l e l  and c u r r e n t  back- 
wound f o r  RL f?,. i f  2 i s  t h e  po le  spacing,  
R.I,ias should be t h e  case .  
dn 
s o  t h a t  t h e  c u r r e n t  den.sity i s  t h e  sane a s  i f  a l l  t h e  
c u r r e n t  were d i s t r i b u t e d  over 
Magnet Parame'ter's 
For t h e  des ign  f i g u r e s  g iven  i n  above f o r  a 100 Mev 
20 s e c t o r  Be ta t ron ,  t he  fo l lowing  magnet parameters  a r e  
l-t 0 = 10,000 gauss 9 c r f ; c o  I 2, = 0. a 5 Crn  (,m .oprr+ur$ 04  R=Ro 
where I, i s  i n  ampere-turns, 2 , i n  cen t ime te r s ,  and Ho 
i n  gauss .  For t h e  above, 
1, = 2 0 ampere t u r n s  (above the  median p l a n e )  . ' 
If hackwindine; i s  used on p a r a l l e l  po le  s u r f a c e s  
beginning a t  R - R , ,  t he  i n i t i a l  backwound c u r r e n t  d e n s i t y ,  
If t h e  copper l a y e r  i s  t o  be t h i n ,  a  s i g n i f i c a n t  coo l ing  
problem a r i s e s .  Copper could be imbedded i n  t h e  i r o n ,  
r e q u i r i n g  some shimming. 
The t o t a l  f l u x  p e r  u n i t  l e n g t h  c a r r i e d  by the  r e t u r n  l e g  
The th i ckness  of t he  r e t u r n  l e g  must t h e r e f o r e  be 
R o  
- 
M C  t I 
if i t  i s  t o  c a r r y  a maximum f i e l d  of 140. For t he  
above parameters ,  
' R o  = L .  3 cm. 
MC+I  
~ o n c l h s i o n s  
The Mark I b  appears  t o  be t h e o r e t i c a l l y , a n d  s t r u c t -  
u r a l l y  t he  s imples t  of t h e  FFAG a c r e l e r a t o r  types .  We 
have a t tempted  t o  supplement t he  s imp les t  l i n e a r  theory  
given I n  MURA-KRS-6 and t o  show f e a s a b l e  numbers f o r  a 
low energy a p p l i c a t i o n  o r  t e s t  of' t he  p r i n c i p l e s .  The 
c h i e f  des ign  problem encountered I s  t he  h i g h  c u r r e n t  
d e n s i t y  of backwound copper. C e r t a i n  problems ha7.e 
been neg lec t ed  i n  t he  t h e o r e t i c a l  t reatment  of' t he  
problem. Among t h e s e  a r e  n o n - l i n e a r i t i e s  ( q u a d r a t i c  
n o n - l i n e a r i t i e s  appear  t o  ?e no more than  about  20% 
f o r  1 cm amplitude of o s c i l l a t i o n ) ,  e f f e c t s  of  t h e  
smoothing of edge e f f e c t s  i n t o  t h e  s t r a i g h t  s e c t i o n s  'and 
magnets due t o  f i n i t e  v e r t i c a l  a p e r t u r e  and the  change 
i n  M value  due t o  t he  equ i l i b r ium o r b i t  making an  angle  
4' t o  t he  g r a d i e n t  d ~ / d ~  a t  t h e  ends of s ec to r s .  
